Transaction Report:
Thank you for the submission of your research manuscript to EMBO reports. We have now received reports from the three referees that were asked to evaluate your study, which can be found at the end of this email.
As you will see, all referees think the manuscript is of interest, but requires further revisions to allow publication in EMBO reports. All three referees have a number of concerns and/or suggestions to improve the manuscript, which we ask you to address all in a revised manuscript. As the reports are below, I will not detail them here. However, I think that in particular the points regarding the nature and the role of the metal ion need to be addressed with further experimental data (point 1 referee #1, and the major point of referee #2). It would strengthen the manuscript significantly if more insight would be provided here, and if it indeed could be shown that the site is important for assembly in vivo.
Given the constructive referee comments, we would like to invite you to revise your manuscript with the understanding that all referee concerns must be addressed in the revised manuscript and in a detailed pointby-point response. Acceptance of your manuscript will depend on a positive outcome of a second round of review. It is EMBO reports policy to allow a single round of revision only and acceptance or rejection of the manuscript will therefore depend on the completeness of your responses included in the next, final version of the manuscript.
Revised manuscripts should be submitted within three months of a request for revision; they will otherwise be treated as new submissions. Please contact us if a 3-months time frame is not sufficient for the revisions so that we can discuss the revisions further.
Supplementary/additional data: The Expanded View format, which will be displayed in the main HTML of the paper in a collapsible format, has replaced the Supplementary information. You can submit up to 5 images as Expanded View. Please follow the nomenclature Figure EV1 , Figure EV2 We now strongly encourage the publication of original source data with the aim of making primary data more accessible and transparent to the reader. The source data will be published in a separate source data file online along with the accepted manuscript and will be linked to the relevant figure. If you would like to use this opportunity, please submit the source data (for example scans of entire gels or blots, data points of graphs in an excel sheet, additional images, etc.) of your key experiments together with the revised manuscript. Please include size markers for scans of entire gels, label the scans with figure and panel number, and send one PDF file per figure.
When submitting your revised manuscript, we will require: -a complete author checklist, which you can download from our author guidelines (http://embor.embopress.org/authorguide#revision). Please insert page numbers in the checklist to indicate where the requested information can be found.
-a letter detailing your responses to the referee comments in Word format (.doc) -a Microsoft Word file (.doc) of the revised manuscript text -editable TIFF or EPS-formatted single figure files in high resolution (for main figures and EV figures) I look forward to seeing a revised version of your manuscript when it is ready. Please let me know if you have questions or comments regarding the revision.
Dr. Wolf and colleagues have assembled a composite model for a Methanococcus archaellum using xray crystallography of a truncated soluble form of the FlaB1 from Methanocaldococcus jannashcii and an cryo-EM model for the Methanococcus maripaludus native archaella (which they show are almost entirely FlaB1). They discover a conserved metal binding site within the subunit, and provide a simple EGTA/EDTA experimental demonstration of the role of this site in stability of the filament. The highresolution structure of the subunit is a nice addition to the structural information available within the field, and it enriches the cryoEM composite model interpretation. Nonetheless, the overall big leap forward of the paper is limited because previously published cryoEM work on the archaellum filaments from other species provided similar conclusions 1. The metal binding site is almost certainly real but no clear conclusion has been reached of which metal is there under which conditions in vivo (Mg seems most likely -do crystals grow with Mg given the right buffer conditions?). The proposal that it might vary with environmental conditions is interesting but no data support it yet.
2. The paper needs more rigor in the description of the glycosylations. What is the signal to noise for each putative one? How can one tell that the glycosylation is N-linked and not on an adjacent -OH? Does a tetrasaccharide fit in those densities? Could it be phosphorylation, acetylation, lipidation, etc? 3. A better description of the cross-subunit H-bonding is needed; how many H-bonds (give a range and an error estimate based on the resolution of the cryoEM structure). The "downstream" is very hard to make out in figure three left; looks more like beta six goes right into metal loop? 4. Please provide better references to pdb codes or emdb codes for the comparisons to other archaellins in figures and text. A search of rcsb.org yields 100 results for FlaB0 and 0 results for Pyrococcus furiosus, for example, although I found it in PDBe. It could be easier for the reader to follow along.
5. It seems troublesome that the crystal and filament structures described here are from different species, but I can understand there may be experimental limitations that led to this. It would be helpful to discuss the identities among the subunits explicitly. I counted ~81 differences and 7 insertions/deletions over 2015 amino acids comparing the M. jannaschii and M. maripaludis sequences in Supp Fig. S3 .
In this manuscript Wolf et al describe the cryoEM structure of the archaellum filament of M. maripaludis and the crystal structure of the archaellin of M. jannaschii FlaB1. The cryoEM structure helps to identify the N-glycosylation sites which are typical for archaellins.
The archaellin structure is the first obtained from a crystal structure and compares well to the ones obtained from the cryoEM images of Msp.hungatei and P.furiosus. Interestingly, a Ca2+binding site was identified which was probably occupied by Mg in the archaella isolated from M. maripaludis. However, it is not clear, what its function is and what its importance is.
It would be interesting to validate that the ion binding site is important for archaellum assembly in vivo. The authors describe that this motif is a loop not present in other archaellins. Therefore, it could be deleted in M. maripaludis and then checked whether archaella are still formed.
The archaellin structure should also be compared to the FlaF structure available from S. acidocaldarius as this protein also has an archaellin fold.
The manuscript by Meshcheryakov et al. presents a new structure of an archaellum from M. maripaludis. The authors determined a high-resolution crystal structure of an homologous archaellin (the first crystal structure of such an archaellin) and used it together with a 4Ang cryo-EM structure, which they also determined, to build a model of the entire archaellum. This is a new structure and highly interesting, only two archaellum structures (from different organisms) have been determined so far (within the last 2 years).
In addition, they thoroughly investigated the type of a specific, bound ion through several different experiments, including low-dose EELS, which is very interesting and quite a new application of this technique. This is also a very useful approach for cryo-EM structural biology in general, as the determination of ion types is typically quite a challenge.
The work seems to be very well done, the manuscript is very clearly written and easy to follow. Referee #1:
Dr. Wolf and colleagues have assembled a composite model for a Methanococcus archaellum using xray crystallography of a truncated soluble form of the FlaB1 from Methanocaldococcus jannashcii and an cryo-EM model for the Methanococcus maripaludus native archaella (which they show are almost entirely FlaB1). They discover a conserved metal binding site within the subunit, and provide a simple EGTA/EDTA experimental demonstration of the role of this site in stability of the filament. The high-resolution structure of the subunit is a nice addition to the structural information available within the field, and it enriches the cryoEM composite model interpretation. Nonetheless, the overall big leap forward of the paper is limited because previously published cryoEM work on the archaellum filaments from other species provided similar conclusions.
1. The metal binding site is almost certainly real but no clear conclusion has been reached of which metal is there under which conditions in-vivo (Mg seems most likely -do crystals grow with Mg given the right buffer conditions?). The proposal that it might vary with environmental conditions is interesting but no data support it yet. To address the specific point about metal substitution, we have now included the reference above in the discussion (line 297 in the revised MS).
To expand further upon metals reported in-vivo beyond our reference of iron in M. maripaludis, we have added a reference to the related bacterial type 4 pseudopilin PulG, which has been found to be stabilized by calcium ions in a recent NMR study (line 302).
2. The paper needs more rigor in the description of the glycosylations. What is the signal to noise for each putative one? How can one tell that the glycosylation is N-linked and not on an adjacent -OH? Does a tetrasaccharide fit in those densities? Could it be phosphorylation, acetylation, lipidation, etc? Thank you for pointing out this deficiency. We have rewritten the paragraph on glycosylation and now refer to the additional observed map features more generically as post-translational modifications (lines 218-237). We have provided a more rigorous quantitative evaluation by measuring the SNR for each residue in the difference map enabling us to narrow the number of residues with claimed modifications to two (lines 224-229, Fig 5) . A description of the calculation for SNR has been added to the methods section (lines 461-471).
The positional accuracy of the fitted model within the moderate resolution of the cryo-EM map does indeed not allow unambiguous discrimination between N-and O-linked glycosylation. Based on our tandem MS-MS data when using an errortolerant search while including all possible modifications, we can now exclude Olinked glycans, phosphorylation, acetylation, and lipidation. Only N-linked glycans were identified. A tetrasaccharide would only fit into the two largest significant difference volumes (N103, N116). The relevant paragraph has been updated (lines 235-237).
3. A better description of the cross-subunit H-bonding is needed; how many H-bonds (give a range and an error estimate based on the resolution of the cryoEM structure). The "downstream" is very hard to make out in figure three left; looks more like beta six goes right into metal loop? Thank you for this acute observation. Indeed, the present atomic model is not in hydrogen bonding configuration (see screen shots of model in map below; left: 3 adjacent subunits, right: subunit interface with hydrogen bonds within distance <3Å).
We have tried to rebuild this stretch for better geometry -however, after subsequent refinement, the atomic coordinates returned to their original positions. We concluded that the current resolution of our cryo-EM map in this region of the map does not support our statement of cross-subunit hydrogen bonding and we have therefore removed this claim from the main text and figure altogether (lines 210-213, 317-319, revised Fig 4 and its legend) . The subunits are clearly within range of side chain interactions at the 7-start contact site, but our map did not resolve side chain rotamers in this region.
We have redesigned We have now added statements about the high sequence identity (56.2%) and similarity (70.5%) between these two proteins (line 128).
Referee #2:
In this manuscript Wolf et al describe the cryoEM structure of the archaellum filament of M. maripaludis and the crystal structure of the archaellin of M. jannaschii FlaB1. The cryoEM structure helps to identify the N-glycosylation sites which are typical for archaellins. The archaellin structure is the first obtained from a crystal structure and compares well to the ones obtained from the cryoEM images of Msp.hungatei and P.furiosus. Interestingly, a Ca2+binding site was identified which was probably occupied by Mg in the archaella isolated from M. maripaludis.
However, it is not clear, what its function is and what its importance is. It would be interesting to validate that the ion binding site is important for archaellum assembly in vivo.
The authors describe that this motif is a loop not present in other archaellins. Therefore, it could be deleted in M. maripaludis and then checked whether archaella are still formed. The statement that this motif is a loop not present in other archaellins is not entirely accurate. Indeed, we stated in the original manuscript on line 313 (line 320 in the revised MS) that the top 100 homologs of M. jannaschii archaellin all contain the metal binding motif, and we mentioned this fact also explicitly about P. furiosus (line 153). In Methanococcus, both FlaB2 and FlaB3 (which likely forms the hook) do indeed not contain the metal-binding motif. However, we found by cryo-EM and mass spec, that the archaellum consists chiefly of FlaB1.
Thank you for this suggestion. We tried hard for this revision to obtain experimental proof for in-vivo assembly under various conditions. However, it took a long time to establish even wild-type culture of this extremophile under anaerobic conditions in our lab. M. maripaludis is a very poor swimmer even under optimal conditions (only <1% of the cells could be observed swimming under the dark field light microscope). When EDTA was added to the solution, no swimming was observed at all -however, the low reference count of the wild-type swimmers did not result in statistical significance. When we added EDTA or EGTA to the growth medium, the cells simply did not grow. Unfortunately, we do not have the capacity to perform mutagenesis of M. maripaludis for independent in-vivo validation. We therefore ask you to accept our results at face value.
The archaellin structure should also be compared to the FlaF structure available from S. acidocaldarius as this protein also has an archaellin fold. Thank you for this comment. We have added FlaF S. acidocaldarius to supplementary figure EV3B and mentioned it in the revised manuscript (lines 257-260).
Referee #3:
In addition, they thoroughly investigated the type of a specific, bound ion through several different experiments, including low-dose EELS, which is very interesting and quite a new application of this technique. This is also a very useful approach for cryo-EM structural biology in general, as the determination of ion types is typically quite a challenge. The work seems to be very well done, the manuscript is very clearly written and easy to follow.
I do not have any major concerns, just a few minor comments:
-Since it is explicitly mentioned (and shown in Fig 1) that there are thinner filaments visible in the micrographs, just out of curiousity: is it possible to calculate class averages of these thin filaments? Could you show those? Thank you very much for your thoughtful comments.
We have calculated class averages of the thin filament, 3 of which are presented below. The diameter of this filament is about 5-7 nm. Its structure appears to be different than the archaellum core. We have now added these class averages to the supplement (see below).
Three class averages of "minor" filaments, which were occasionally (approximately 1% of all filaments) observed, containing ~100 images/class. These structures have a diameter of 5-7 nm and a fundamentally different appearance than the archaellum core.
-It is a bit confusing that Fig 4a and 4c has different color code, is that necessary? Thank you -the figure was indeed confusing. We followed your advice and redesigned Figure 4 and its legend for better clarity. The color scheme used in the present figure aims to illustrate how the protein folds and how the metal binding site may play a role in stabilizing this fold.
-beta6 is marked in Fig 3, but since it is a slightly rotated view, it would be helpful to mark beta6 also in Fig. 4c . Thanks for pointing this out -we have labeled beta6 in the redesigned Figure 4 .
-In Fig. 4b the caption says: "...accomplished by a short beta-strand (yellow), which extends one of these sheets across subunits." From this figure it looks like the small yellow strand belongs to one subunit and the orange/red strand belong to the next subunit. But in Fig 4c,  I do not see this subunit-crossing beta-sheet. In 4c the short beta-strand is supposed to be green, does this refer to the green beta-hairpin? We hope that the new Figure 4 has improved upon these issues. Thank you for the submission of your revised manuscript to our editorial offices. We have now received the reports from the two referees that were asked to re-evaluate your study (which unfortunately took much longer than expected), you will find below. As you will see, the referees now support the publication of your manuscript in EMBO reports. However, referee #3 has one further suggestions we ask you to take up and to address in a final revised version of your manuscript.
Further, I have these editorial requests:
-Please shorten the abstract to 175 words and provide it written in present tense.
-For a paper published as Scientific Reports, we require that the results part and the discussion are united in one section termed 'Results & Discussion'. Please do that for your manuscript. Please also eliminate redundancies and try to reduce the word count to around 25000 characters (+/-2000), excluding references and materials and methods. See also: http://embor.embopress.org/authorguide#researcharticleguide -Please add a short running titles (less than 40 characters) and up to five key words to the first page of the manuscript.
-Please provide single editable TIFF or EPS-formatted figure files (in high resolution) for the EV figures. Please upload these without legends. It is sufficient to have the EV legends in the main manuscript text, after the main figure legends. -It seems there are no call outs for Fig. 2B, Fig. EV4 and Fig. EV5 . Please check.
-In Fig. 5 the close ups seem not to correspond with the area marked on the left in the original structure. Please explain/check.
-Please add scale bars to Fig. EV5 , or indicate size with other means or in the legend.
- Table 1 should appear once in the main manuscript file, or as separate file. Please adjust.
-Please upload tables EV1 and EV2 as single and separate files. These need to fit on one page. Remove them from the main manuscript file. Please leave their legends in the main manuscript (after the EV Figure  legends) , but provide more detailed legends for these. Our publisher does not allow colour in tables. Please remove the colours.
-Please find attached a word file of the manuscript text (provided by our publisher) with changes we ask you to include in your final manuscript text, and some queries, we ask you to address. Please provide your final manuscript file with track changes, in order that we can see the modifications done.
I look forward to seeing the final revised version of your manuscript when it is ready. Please let me know if you have questions regarding the revision.
REFEREE REPORTS ---------------

Referee #1:
The authors have not been able to address my major concern (which was also a concern of Reviewer 2), namely that the identity of and biological relevance of the putative metal binding site were not determined.
On the other hand, the authors have comprehensively addressed my concerns related to PTM identity, and over-interpretation of H-bonding at the subunit interface in a low-resolution map.
My initial reasons for finding the paper of low general interest and novelty aren't really changed. However, I do not have any disagreement with the technical quality of the manuscript. Moreover, I think it is important to support research on archaea as this entire Domain remains underrepresented in the literature. The other two referees were quite positive with evaluations "should be published in EMBO reports". I don't have anything new to add as a reviewer -and I don't object to an editorial decision to move forward with the publication in EMBO based on the composite evaluation of all three reviewers.
The authors have tried to address my main question what its function and the importance of the metal binding motif, one of the main finding of this manuscript, is. I appreciate their attempts, and understand their difficulties to work with or genetically manipulate this organism. Although the importance of the metal motif could not be addressed I think their observations warrant publication.
I have one suggestion: I still think that it would be interesting for the readers to see how widespread and conserved this metal-binding domain is within archaea. The statement that "the top 100 homologs of M. jannaschii archaellin all contain the metal binding motif" and that the motif is also found in P. furiosus, does not give any information about the spread of this motive, since the first 100 hits could all be organisms close to M. jannaschii. Possibly the authors could add an alignment or a phylogetic tree of representative archaellum containing archaea, and indicate which ones of these contain the motif. Only some euryarchaeaota? All the thermococcales and the methanococcales ? This would address the putative importance in a relatively simple manner.
2nd Revision -authors' response 16 February 2019 Referee #3:
I have one suggestion: I still think that it would be interesting for the readers to see how widespread and conserved this metal-binding domain is within archaea. The statement that "the top 100 homologs of M. jannaschii archaellin all contain the metal binding motif" and that the motif is also found in P. furiosus, does not give any information about the spread of this motive, since the first 100 hits could all be organisms close to M. jannaschii. Possibly the authors could add an alignment or a phylogetic tree of representative archaellum containing archaea, and indicate which ones of these contain the motif. Only some euryarchaeaota? All the thermococcales and the methanococcales ? This would address the putative importance in a relatively simple manner. Thank you for this nice suggestion -We have now added a full list with phylogenetic tree in a new Fig.  EV2 . The initial list of 100 hits was reduced to 63 unique entries after removing duplicate flagellins. 
Data
the data were obtained and processed according to the field's best practice and are presented to reflect the results of the experiments in an accurate and unbiased manner. figure panels include only data points, measurements or observations that can be compared to each other in a scientifically meaningful way. graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should not be shown for technical replicates. if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be justified the exact sample size (n) for each experimental group/condition, given as a number, not a range;
Each figure caption should contain the following information, for each panel where they are relevant:
Captions
The data shown in figures should satisfy the following conditions:
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship guidelines on Data Presentation.
Please fill out these boxes ê (Do not worry if you cannot see all your text once you press return) a specification of the experimental system investigated (eg cell line, species name).
C-Reagents
B-Statistics and general methods
the assay(s) and method(s) used to carry out the reported observations and measurements an explicit mention of the biological and chemical entity(ies) that are being measured. an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.
a statement of how many times the experiment shown was independently replicated in the laboratory.
Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.
In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself. Every question should be answered. If the question is not relevant to your research, please write NA (non applicable). We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human subjects.
definitions of statistical methods and measures:
a description of the sample collection allowing the reader to understand whether the samples represent technical or biological replicates (including how many animals, litters, cultures, etc.). This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal's authorship guidelines in preparing your manuscript.
